functions, as the regulation of steroidogenesis, the process of cumulus expansion and the gene expression of hormone receptors and specific proteins. The presence of OSFs ensures the surrounding microenvironment to be highly specialized; therefore, the ability of oocytes to secrete the OSFs is considered positively correlated with their inner quality (i.e., the intrinsic ability of female gametes to undergo meiosis and express their fertilizing potential; Hussein, Thompson, & Gilchrist, 2006; . Among OSFs, the growth differentiation factor-9 (GDF-9), together with the bone morphogenetic protein-15 (BMP-15), is directly involved in the acquisition of oocyte developmental competence in different species. This factor is a member of the transforming growth factor-β (TGF-β) superfamily and it binds specifically to the BMPRII/ALK5 receptor on cumulus cells membrane, leading to several phosphorylations of intracellular signal transducer molecules (SMAD pathway) to stimulate the expression of specific target genes (de Castro, Cruz, & Leal, 2016) . Females with mutations on GDF-9 are affected by different reproductive disorders, as infertility, ovarian failure or reduced litter size (McNatty et al., 2004) .
In canine species, the gene expression of GDF-9 has been detected in ovaries and follicles at different stages of the oestrous cycle (in ovaries: Hashimoto et al., 2012; in (Desai et al., 2010; Kreeger, Deck, Woodruff, & Shea, 2006; Pangas, Saudye, Shea, & Woodruff, 2003) .
In canine species, the in vitro culture of oocyte is routinely performed in 2D system (microdrops of medium) with poor results, and few information are available on gene expression of specific OSFs. Therefore, it is interesting to evaluate whether the 3D microenvironment might improve oocytes performances in terms of nuclear and molecular competence. For this purpose, in the present study, nuclear maturation was compared in canine oocytes in vitro matured in traditional 2D microdrops and in 3D barium alginate microcapsules, where GDF-9 expression was analysed by quantitative Reverse Transcription Real-Time PCR (qRT-PCR).
| MATERIAL S AND ME THODS

| Chemicals and reagents
All chemicals and reagents were purchased from Sigma Chemical Company (St. Louis, MO, USA), unless otherwise stated.
| Ovaries and collection of canine oocytes
Ovaries (n = 42) from domestic bitches at random stages of the oestrous cycle were harvested during routine ovariectomy at veterinary clinics, after obtaining written consent by the owner.
After surgery, ovaries were immediately placed in a phosphate-buffered saline (PBS) with a mixture of antibiotics (AB) and antimycotics (100 IU/ml of penicillin G sodium, 0.1 mg/ml of streptomycin sulphate and 0.25 μg/ml of amphotericin B) and transported to the laboratory at room temperature (RT), where they were processed. Ovaries were minced in PBS and AB with 0.1% (w/v) polyvinyl alcohol (PVA) to release the female gametes. Only immature COCs (n = 496) with darkly pigmented ooplasm, completely surrounded by one or more layers of cumulus cells (grade I; Hewitt & England, 1997) , were selected for the experiments.
| Overall experimental design
To investigate the suitability of a 3D system for canine oocyte in vitro culture, two different experiments were performed. In Experiment I, fresh COCs were in vitro matured in barium alginate microcapsules (3D system) and in traditional microdrops of medium (2D system) for 72 hr. At harvesting and at the end of IVM, viability and maturation rates were evaluated as described below.
In Experiment II, fresh canine COCs were in vitro matured in 3D system and the gene expression profile of GDF-9 was evaluated at different time intervals (T0-T24-T48-T72) by a qRT-PCR protocol.
Primer pair specific for canine GDF-9 was designed and preliminary tested in conventional PCR on genomic DNA (gDNA). After that, total RNA content from oocytes was isolated, and a reverse transcription to cDNA was performed. The expression of target gene was then assessed by qRT-PCR. The obtained amplicons were sequenced to check the specificity of the GDF-9 analysis by alignment to the expected targets using BLAST program. Overall, the qRT-PCR experiment was designed in compliance with essential items listed in the MIQE Guidelines (Bustin et al., 2009 ).
| In vitro maturation (Experiment I and II)
Canine COCs were in vitro matured (nine replicates) as previously described (Luvoni, Chigioni, Allievi, & Macis, 2003) . Briefly, COCs were incubated in a controlled atmosphere (38.5°C and 5% CO 2 in air) in TCM199 with foetal bovine serum (FBS, 10%), 0.5 IU FSH/ ml and 0.5 IU LH/ml (Pluset, Minitube, Germany), IVM supplements (l-glutamine 2 mM; sodium pyruvate 0.36 mM; calcium lactate 1.1 mM; cysteine 1.12 mM; gentamycin 50 μg/ml, in Tyrode's salt solution) and epidermal growth factor (EGF, 25 ng/ml).
For the 3D culture system, a two-step encapsulation technique in barium alginate was performed as previously described (Morselli, Canziani, Vigo, & Luvoni, 2017) , with some modifications. In details, the sodium (Na)-alginate powder (0.5%) was dissolved into sterile water to obtain the melting solution at medium viscosity (3500 cP, centipoise). A saturated solution of BaCl 2 was then added to an aliquot of TCM199 to obtain the BaCl 2 dropping solution (40 mM). The dropping solution was then dropped at RT with a 25-G needle into the melting solution under stirring for 30-40 min to obtain microcapsules. The microcapsules were then collected, washed twice in PBS and suspended in the maturation medium for immediate use or maintained at 4°C in a Petri dish with PBS until use within 5 days.
Canine COCs (n = 5-10) were injected into the inner core of the microcapsules by a small bore pipette and subsequently immersed in the maturation medium in a multiwell dish.
For the 2D culture system, traditional microdrops (50-100 μl with 5-10 COCs) of maturation medium were placed in a Petri dish and covered by mineral oil.
| Assessment of viability and maturation rates (Experiment I)
At harvesting and after 72 hr of IVM, COCs were evaluated for viability and chromatin configurations (Luvoni et al., 2003) . Sequential stainings with fluorescein diacetate/propidium iodide (FDA/PI) for viability and bis-benzimide (Hoechst 33342) for nuclear status were performed.
To assess viability, COCs were maintained in the dark in 50 μl The chromatin configurations were classified as follows (Bolamba, Borden-Russ, & Durrant, 1998; Hewitt & England, 1997) : 
| Primer design (Experiment II)
For the amplification of canine GDF-9, specific forward and reverse primers were designed starting from Canis familiaris gDNA (gi|357579551:1 2088692-12093623) and cDNA (gi|357579551:c12093437-12093006, c12091746-12091569, c12090042-12089078) sequences obtained from GenBank (available at http://www.ncbi.nlm.nih.gov/ genbank/), and aligned using ClustalW programme (http://www.
ebi.ac.uk/Tools/clustalw2/index.htmlref). Forward (GDF-9-4F: 5′-CGGCAGAGGGGAAAGAAATG-3′) and reverse (GDF-9-4R: 5′-CTGTTCGACTCTTCACGTCC-3′) primers were designed on exon 1
and exon 2, respectively, in order to allow size differentiation between amplicons from cDNA (181 bp) and gDNA (1703 bp). The sequences of the primer pair designed ad hoc on GDF-9 gene are shown in Figure 1 .
Canine glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as normalizer gene as previously described (Mortarino et al., 2009 After sequential washing with 350 μl of Buffer RW1, 500 μl of Buffer RPE, and 500 μl of ethanol (80%), the spin column was centrifuged at full speed for 5 min to dry the membrane. The RNA was then eluted with 14 μl of RNase-free water and stored at −80°C until reverse transcription.
The concentration and purity of the extracted RNA samples were spectrophotometrically assessed through measurement of A 260 absorbance and A 260 /A 280 ratio, respectively, using a ND-100
Spectrophotometer (NanoDrop TM Technologies Inc., Wilmington, DE, USA).
RNA reverse transcription of the total RNA was performed using to test sensitivity and specificity and to calculate amplification efficiency ( Figure 2 ). Relative expression of target gene was calculated using the comparative delta-delta Ct method with GAPDH as normalizer gene (Livak & Schmittgen, 2001 ).
To check the specificity of the GDF-9 amplification, conventional and Real-Time PCR products were run on ethidium-bromide agarose gel followed by UV-visualization and gel-purification by Qiaquick ™ Gel Extraction kit (Qiagen). The concentration of purified amplicons was spectrophotometrically measured using a ND-100 Spectrophotometer. The purified amplicons were then sequenced using standard Applied Biosystems technology on ABI Prism 310 DNA sequencer (Applied Biosystem, Inc., Foster city, CA, USA), and aligned to the expected target sequences using the Basic Local Alignment Search Tool (blast) program (available at http://blast.ncbi.nlm.nih.gov/).
| Statistical analysis
Data of viability and maturation rates of canine COCs were analysed by Chi-square test. Data of GDF-9 gene expression were analysed as median (± standard error), and significant differences were evaluated by Mann-Whitney U test (http://www.socscistatistics.com/tests/ mannwhitney/Default2.aspx), with level of significance set at p < 0.05.
| RE SULTS
| Experiment I
Viability and maturation rates of canine COCs are reported in Table 1 . No differences were observed in terms of viability of female alginate microcapsules resumed meiosis at significantly higher rates than those in 2D microdrops (p < 0.05). Nuclear stages of oocytes that resumed meiosis were mainly represented by GVBD-AI, whose
proportions were higher in 3D than 2D system, whereas no significant differences were obtained in full maturational stages (TI-MII) (p > 0.05).
| Experiment II
Conventional PCR on cDNA samples confirmed primer functionality and ability to discriminate with canine gDNA, since amplicons of the expected size were obtained from both sample types and non-specific amplification or primers dimers were absent (Figure 3 ).
The GDF-9 expression during 3D culture was significantly lower (p = 0.006) at all time points compared to oocyte harvesting (T0).
Besides, after 72 hr of IVM, the expression level was significantly lower (p = 0.018) in comparison with 24 and 48 hr (Figure 4 ).
| D ISCUSS I ON
In this study, the culture of canine oocytes in 3D microenvironment was performed for the first time. The culture in barium alginate microcapsules (3D system) improved the oocyte nuclear integrity and meiosis resumption rates in comparison with the traditional 2D microdrops. These encouraging results suggest a positive role of alginate microcapsules in providing better environmental conditions for a prolonged culture of oocytes in vitro. As already reported in other species, biocompatible structures can enhance the maintenance of the physiological architecture of female gametes and their molecular, metabolic and developmental competence (Desai et al., 2010; Morselli, Luvoni, & Comizzoli, 2017; Pangas et al., 2003) . In comparison with the traditional 2D culture (microdrops of medium in Petri dishes or multiwell), the 3D systems sustain the survival and the growth of cultured cells, promoting the cytoplasmic and nuclear maturation of oocytes and the subsequent embryo development. As already mentioned, proper in vitro conditions for canine oocytes are not yet available, although many studies investigated different culture systems and the specific features of canine reproduction (Bukowska et al., 2012; Luvoni et al., 2005) . In this species, the increasing plasma levels of progesterone before ovulation, the release of immature oocytes (GV stage) and the peculiar long-term meiosis resumption in the oviduct markedly influence the in vitro outcomes of oocytes (Chastant-Maillard et al., 2011;
TA B L E 1 Viability and nuclear configuration of canine cumulus-oocyte complexes (COCs) before (T0) and after (T72) in vitro maturation in 3D or 2D system In the present study, the specificity and sensitivity of designed qRT-PCR method allowed the evaluation of GDF-9 expression profile in 3D cultured oocytes. Present results show that a clear temporal trend of canine GDF-9 expression during 3D IVM occurred. At 24 and 48 hr, the transcription of this OSF was significantly higher compared to 72 hr of culture and high rates of gene expression earlier during IVM, as well as in vivo at early stages of follicular development, are expected . Indeed, the transcription ability of oocyte is required for the accumulation of RNA and proteins to further develop into an embryo, able to activate its own genome at proper time (Evsikov et al., 2006; Schultz, 2002) . At the end of oocyte growth, when meiosis starts to resume, transcription is almost totally blocked and different mechanisms of mRNA translational silencing and degradation occur (Ritter & Peschke, 2002) . Thus, the significant decrease in GDF-9 expression at 72 hr, compared to 24 and 48 hr, indicated that at this time, the canine oocytes started to resume the meiosis, as confirmed by the higher rates of GVBD-AI rather than of TI-MII (Experiment I).
All these findings corroborate the idea that a 3D in vitro culture represents an adequate microenvironment where GDF-9 triggers the acquisition of canine oocytes developmental competence.
Since a critical time point occurs during the first 48 hr of IVM, future efforts should be focused on the enrichment of 3D environmental conditions at early stages of IVM (i.e., 24 and 48 hr). The in vitro exposure of oocytes to recombinant GDF-9 resulted in the improvement of developmental competence of oocytes and cloned embryos in different species Su et al., 2014) .
Supplementation of culture medium with exogenous GDF-9 or with molecules that mimic its molecular activity might also promote and upregulate the native concentration of this factor in canine oocytes, as previously documented during bovine and murine oocytes culture (Hussein et al., 2006; Yeo, Gilchrist, Thompson, & Lane, 2008 ).
In conclusion, 3D barium alginate microcapsules are efficient in vitro culture systems to sustain the nuclear integrity and the molecular activity of canine oocytes. In this 3D condition, the expression profile of GDF-9, analysed by qRT-PCR, revealed a specific temporal trend for the acquisition of oocyte developmental competence, improving the knowledge about the inner quality of canine oocytes.
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F I G U R E 4
Relative gene expression of GDF-9 evaluated at different time intervals during in vitro maturation of canine oocytes in 3D culture. Expression at T0 was set at 1. Different superscripts ( a,b,c,* ) indicate statistically significant differences (p < 0.05)
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